The glucose homeostasis in the infants of normal and diabetic mothers was evaluated by examining the effects of exogenous glucose infusion at 4 mg/kg*min and quantifying the rates of glucose production and utilization. Five infants of insulin-dependent diabetic mothers (IDM), one infant of a gestationally diabetic mother and five infants of normal mothers were studied between 2-4 h of age. The rates of glucose production and utilization before and during glucose infusion were quantified by tracer dilution technique using [6,6'Hz] glucose tracer and gas chromatographymass spectrometry. Fractional glucose uptake (Kt) was measured at the end of infusion by administering 0.5 g/kg glucose pulse. All diabetic women were under rigid metabolic control during pregnancy. Although basal plasma glucose levels at age 2-4 h were lower in the IDMs as compared with normal newborns (43.4 k 3.7 and 65.2 & 3.6 mg/dl, mean r S.E., respectively), the glucose production and utilization rates were not significantly different (3.35 rt 0.26 and 3.39 & 0.08 mg/kg*min); therefore, the metabolic clearance rates were higher in the IDMs (7.69 f 0.41 ml/kg-min) as compared with the normal newborn infant (5.20 f 0.20 ml/kg0 min). Glucose infusion resulted in a greater suppression of endogenous glucose production rate in the normal newborn infants than in the IDMs. Glucose infusion resulted in an acceleration of Kt in the normals (2.38 + 0.25 %/min). We conclude that rigid regulation of maternal diabetes normalizes glucose production rate in IDM; however, intermittent maternal hyperglycemia may result in altered regulation of hepatic glucose production.
Summary
The glucose homeostasis in the infants of normal and diabetic mothers was evaluated by examining the effects of exogenous glucose infusion at 4 mg/kg*min and quantifying the rates of glucose production and utilization. Five infants of insulin-dependent diabetic mothers (IDM), one infant of a gestationally diabetic mother and five infants of normal mothers were studied between 2-4 h of age. The rates of glucose production and utilization before and during glucose infusion were quantified by tracer dilution technique using [6, 6'Hz] glucose tracer and gas chromatographymass spectrometry. Fractional glucose uptake (Kt) was measured at the end of infusion by administering 0.5 g/kg glucose pulse. All diabetic women were under rigid metabolic control during pregnancy. Although basal plasma glucose levels at age 2-4 h were lower in the IDMs as compared with normal newborns (43.4 k 3.7 and 65.2 & 3.6 mg/dl, mean r S.E., respectively), the glucose production and utilization rates were not significantly different (3.35 rt 0.26 and 3.39 & 0.08 mg/kg*min); therefore, the metabolic clearance rates were higher in the IDMs (7.69 f 0.41 ml/kg-min) as compared with the normal newborn infant (5.20 f 0.20 ml/kg0 min). Glucose infusion resulted in a greater suppression of endogenous glucose production rate in the normal newborn infants than in the IDMs. Glucose infusion resulted in an acceleration of Kt in the normals (2.38 + 0.25 %/min). We conclude that rigid regulation of maternal diabetes normalizes glucose production rate in IDM; however, intermittent maternal hyperglycemia may result in altered regulation of hepatic glucose production.
Speculation
Decreased suppression of systemic glucose production in response to glucose infusion observed in the infant of a diabetic mother by isotopic tracer methods may be the result of exchange of the tracer with the augmented intrahepatic substrate pools.
During adaptation to the extrauterine environment, the normal human newborn infant initiates systemic glucose production at a rate higher than that observed in the fasting adult man (3, 10, 14, 22) . However, the plasma glucose concentration is maintained at a lower level than that in the adult. When maternal diabetes occurs, glucose homeostasis in the newborn is further affected by the metabolic alterations of the mother. Neonatal hypoglycemia is frequently observed and has been attributed to fetal hyperinsulinism as a consequence of maternal-fetal hyperglycemia (15) . The physiologic basis for the alterations in glucose homeostasis in the infants of diabetic mothers (IDMs) has not been clearly defined. Although bolus injection of glucose showed an increased fractional rate of glucose disappearance (9) , an attenuated rate of glucose uptake was observed when glucose was infused at a low rate (12). Kalhan et al. (10) first demonstrated that hypoglycemia in the IDM may, in part, be explained by the lower rate of systemic glucose production. They postulated that persistent insulin action on the liver in the presence of suppressed counterregulatory hormonal responses could explain the attenuated glucose production rate observed in these infants.
The present study was designed to evaluate the hepatic regulation of glucose production, in infants of normal and &abetic mothers, by examining the effects of exogenous glucose infusion on systemic glucose production and utilization.
MATERIALS AND METHODS

Subjects.
Five infants of insulin-dependent diabetic mothers, one infant of a gestationally diabetic mother, and five normal newborn infants were studied between 2-4 h of age. The insulindependent diabetic women were all of juvenile onset, Class B or C according to White's classification. They were admitted to the Perinatal Clinical Research Center for 3-4 wk before delivery. Rigid metabolic control was achieved during the third trimester of pregnancy by administering a mixture of neutral protamine Hagedorn insulin (NPH) and crystalline insulin twice daily with supplemental crystalline insulin as necessary. Their plasma glucose concentration ranged from 36-104 mg/dl except in subject #2 who had marked excursions in fasting glucose. In three subjects, postprandial glucose were normal whereas two subjects (#2 and 3) continued to have high glucose levels after meals. Diagnosis of gestational diabetes in the single patient was based on elevated postprandial plasma glucose concentrations and an abnormal oral glucose tolerance test during the third trimester of pregnancy. She was managed with diet alone. All mothers of the normal newborn infants were nonobese, had normal 2-h postprandial glucose concentration and/or glucose tolerance test during the third trimester. Written informed consent was obtained from both parents after birth of all the infants. Maternal and umbilical plasma glucose concentrations were measured in the diabetic mothers and infants at delivery as part of the routine intrapartum care. All infants of diabetic mothers were delivered by Cesarean section (C-section). Two of the five normal newborns were delivered vaginally, whereas the other three infants were delivered by repeat C-section. The birth weight, gestational age estimated by dates and/or Dubowitz examination, Apgar scores, and fasting glucose concentrations between age 2-4 h are listed in Table 1 . None of the infants received feeding or intravenous infusion of glucose before the study. Only well infants with no perinatal problems were studied.
All infants were studied in the neutral thermal environment.
Two intravenous heparin "locks" with scalp vein needles or medicut catheters were placed in peripheral veins in the extremities; one for intravenous infusion and the other for sampling of venous blood. [6, ]-Glucose, 98 atom % [2H] was purchased from Merck and Company, Inc., Dorvall, Quebec, Canada. A weighed amount was dissolved in sterile isotonic saline for intravenous infusion, sterilized by passage of the solution through a Millipore filter (size 0.22/pm) and tested for sterility and pyrogenicity (16). After a prime injection of 5.4 mg/kg given over 15 min, the tracer was infused at a constant rate of 60 pg/kg.min via a Holter pump for a period of 3.5 h. Steady state deuterium enrichment of plasma glucose was achieved within 60 min (Fig. 1) . 3-9 9-9 8-9 9-9 9-10 9-10 10-10 9-10 9-10 9-9 Mode of delivery [6,6-2H2] glucose equivalent to 90 rnin of infusion, or 5.4 mg/kg was given during the first 15 min of [6,6-2H~] glucose infusion. Steady state deuterium enrichment [2H] was achieved after 60 rnin of infusion in each period. Calculation for glucose production and glucose uptake were based on the last 30 rnin of each infusion period. Glucose disappearance rate (Kt) was calculated after 0.5 g/kg glucose pulse assuming first order kinetics.
During isotopic steady state, at 90 min, a glucose infusion (4 mg/ kg. rnin as 10% solution) was superimposed and was maintained for another 120 min. A new steady state isotopic enrichment was established after 60 rnin of glucose infusion. The fractional disappearance rate of glucose was measured at 3.5 h by administering a glucose pulse 0.5 g/kg body weight intravenously.
Heparinized blood samples were obtained at 15-30 rnin intervals throughout the tracer infusion and at 10 rnin intervals during the glucose pulse. Plasma was separated in the cold and kept at -10°C for later analysis.
was isolated from the plasma by ion exchange chromatography.
A pentaacetate derivative of glucose was prepared by mixing dry glucose with excess acetic anhydride and pyridine. M/e 100 and 98 were monitored in order to measure deuterium enrichment of plasma glucose. Standard glucose solutions of known deuterium enrichments were run everyday to calibrate for instrumental variations.
Calculations. Glucose production rate was calculated from the dilution of the infused tracer in the plasma by applying steady state kinetics. Ra = [(100/Ep) -11 x I, where Ra = glucose production rate mg/kg. min, Ep = Deuterium enrichment (moles % excess) of plasma glucose at steady state, and I = Rate of infusion of [6, glucose mg/kg min.
This equation assumes 100% [ 2~] enrichment of infused tracer. The standard curves were prepared accordingly.
During exogenous glucose infusion, the endogenous glucose production rate was estimated by subtracting the glucose infusion rate from the isotopically measured glucose production rate.
During isotopic steady state, with unchanged plasma glucose concentration, glucose production rate (Ra) was assumed to be equal to the rate of glucose uptake (Rd). With changing glucose concentration: Rd = Ra -Ve(G2 -Gl)/(t2 -tl), where V = volume of distribution of glucose ml/kg. This was assumed to be 400 ml/kg, and (Gz -Gl)/(t2 -t,) is the rate of change in glucose concentration between times t2 and t~.
Metabolic clearance rate (MCR) was calculated as:
Rd (mg/kg. min) MCR (ml/kg. min) = Plasma glucose concentration (mg/ml)
The volume of distribution of glucose (ml/kg) was calculated from the distribution of the glucose pulse given at the end of the study by two methods; first, by extrapolating the declining plasma glucose concentration back to time zero. The increment glucose concentration was assumed to be achieved by 0.5 g of glucose distributed in the volume V. Second, volume of distribution was calculated by the dilution of deuterium enrichment in the plasma by the pulse. As shown in Figure 1 , deuterium enrichment of glucose was in steady state before the pulse. After the glucose pulse, the deuterium enrichment decreased and achieved new steady state, suggesting complete suppression of endogenous glucose production. The decrement change of deuterium enrichment of glucose was used to calculate volume of glucose distribution.
Glucose concentration of the plasma and that of the infusate were measured by the glucose oxidase method on a Beckman RESULTS glucose analyzer (Beckman Instruments, Palo Alto, CA). The rate of [6,6-2H2] glucose infusion was quantified from the infusate Plasma glucose. The maternal and umbilical glucose concentraglucose concentration and the rate of infusion. The dueterium tions in the diabetic subjects are displayed in Table 1 . As shown, enrichment of plasma glucose was measured by combined gas rigorous metabolic regulation during pregnancy resulted in normal chromatography-mass spectrometry using selected ion monitoring glucose concentration at delivery. As has been shown in studies as described by Bier, et al. (2) with minor modifications. Glucose by others, a maternofetal gradient for glucose was observed in all subjects. The basal glucose concentration in the first 4 h of life was stable with minimal variance in both normal infants and in the infants of diabetic mothers (Table 2) (Period I); however, the glucose concentrations were significantly lower in the IDMs as compared with the normal newborn infants (P < 0.004). The plasma glucose level of the single infant of gestationally diabetic mother was 63 mg/dl, a level in between the normal and the IDM. AU infants were asymptomatic throughout the study period.
As a resuslt of exogenous glucose infusion at 4 mg/kg.min, there was a rise in plasma glucose concentration in all infants (Fig.  2) . As the basal glucose levels in the normal infants were higher than the IDMs, the peak glucose concentration during glucose infusion was also higher in the normals. During the second h of glucose infusion however, apparently as a result of metabolic adaptation, the plasma glucose concentration declined in all normal infants, whereas a decrease in glucose levels was observed in only two infants of diabetic mothers.
Glucose production rate. As shown in Figure 1 , a steady state deuterium enrichment of plasma glucose was achieved within 60 rnin and maintained throughout the basal period. After exogenous glucose infusion, a new steady state was achieved within 60 rnin and maintained throughout the infusion period; therefore, steady state kinetics were applied for the calculation of glucose production rates.
The mean basal glucose production rate in the normal infant was 3.4 mg/kg. min. The rate of glucose production in the infants of diabetic mothers was not significantly different from that of the normal infants (Table 2 ). Exogenous glucose infusion at 4 mg/kg. rnin resulted in suppression of endogenous glucose production in every instant although the quantitative response was variable.
Suppression of endogenous glucose production was much greater in the normal infants (78%) as compared with the IDM's (63%).
Rate of glucose uptake and the metabolic clearance rate (MCR). During the basal state, plasma glucose concentration was unchanged in all infants. Hence, the rate of glucose uptake (Rd) was assumed to be equal to the rate of glucose appearance (Ra). As the glucose levels in the IDM's were lower than the normal infants, the metabolic clearance rates were higher in the IDM's as compared with the normals. Exogenous glucose infusion resulted in an increased rate of glucose uptake in all infants and no differences were observed between the two groups. At the same time there was an increase in the MCR in all normal infants studied, but in only two of the five IDMs.
Responses to glucose pulse. The mean fractional rate of glucose disappearance in normal infants was similar to that observed in infants of diabetic mothers (2.38%/min). The volume of distribution of the glucose pulse, calculated by (a) the extrapolation of glucose curve and (b) by the dilution of the isotopic tracer were similar in all infants studied. No differences were seen between infants of normal and diabetic mothers. The volume of distribution of glucose was 429 -t 17 ml/kg (mean +-S.E.).
DISCUSSION
The glucose homeostatic responses of the newborn of mammalian species have been shown to be at variance as compared with those observed in the adults (4, 7, 8, 19, 20) . When exogenous glucose is infused into a normal adult, glucose homeostasis is achieved primarily through regulation of endogenous glucose production (14). In adult humans, glucose infusion at rates less than hepatic glucose production causes a corresponding suppression of glucose production without any change in glucose uptake and a small change in plasma glucose concentration (22) . These responses are the result of autoregulatory effect of glucose and due to the action of insulin on liver (6, 13, 17, 18) . When the rate of exogenous glucose infusion exceeds the endogenous glucose production rate, an initial rise in plasma glucose is followed by an adaptation consisting of an increased peripheral glucose uptake and a decline in plasma glucose level to a new steady state concentration. In contrast to these responses in the adults, studies in the newborn have shown variable results depending upon the species studied, the maturity and the clinical status. Shenvood et al. (19) , evaluated the responses of newborn monkey neonates to a glucose challenge of 8 mg/kg. rnin using tracer isotopic methods. The mature term monkey neonates and six out of eleven preterm animals developed a new steady state glucose concentration in response to a glucose challenge, conincident with a marked reduction in endogenous glucose output and a moderate increase in peripheral utilization. In contrast, studies in newborn dogs and in newborn lambs have shown a failure to suppress endogenous glucose production even after prolonged infiiion of glucose at high rates (7, 20) . Similar differences from the adult response have b&n suggested by a number of investigators to explainAthe hyperglycemic response to glucose infusion in the preterm human infant (4, 8) . In the present study, healthy normal newborn infants were studied. As shown in the results, suppression of endogenous glucose production was observed in all infants. These observations are in contrast to those cited above and could be the result of species differences and to the fact that all infants in the present study were full term healthy infants with no evidence of stress or illness.
Responses of the IDMs. The infants of diabetic mothers showed somewhat different responses to glucose infusion as compared with the normal infant. Previous studies by us have shown an attenuated uptake of glucose infused at a low rate of 4 mg/kg. rnin (12). In contrast, after a large glucose pulse, the fractional rate of glucose uptake has been shown to be increased in the IDMs (9) . In the present study, during glucose infusion, the glucose concentration reached a plateau in four out of six infants of diabetic mothers, again suggesting an attenuated uptake or failure to adapt to an exogenous glucose load. These infants, however, did increase the rate of glucose uptake (Rd), which at steady state was similar to that observed in the normal infants. The present study further examined the regulation of hepatic glucose production in the infants of normal and diabetic mothers. The glucose infusion rate of 4 mg/kg. rnin was chosen because this rate is equal to the endogenous glucose production rate measured by us in previous studies using similar isotopic methods (1 1). Although the number of infants studied were small for statistical comparison, the data showed that the suppression of endogenous gl;cose production was more effective & ihe normal as comvared with the IDM's and in both instances it was less than that ingdults (14). The reasons for these differences are not clear. These could not be the result of immaturity because both the infants of normal and diabetic mothers were of similar gestation age; however, these differences could potentially represent the limitations of the tracer methods. As the concentration of glycogen and other intermediates are higher in the newborn infants, more so in the IDMs as compared with adults, the tracer will continue to be exchanged with these metabolites that are then released back into circulation as unlabeled glucose. This will suggest a continuous glucose production when measured by tracer isotopic techniques. Only simultaneous studies with tracer isotopes and transhepatic catheter will validate or refute this hypothesis.
During basal state, although the rates of glucose production were similar in the normal and IDMs in the current study, the metabolic clearance rate (MCR) was higher in the IDMs as a result of lower plasma glucose concentration. Glucose infusion for 2 h doubled the rate of glucose uptake (Rd) in both groups; however, this increase in uptake was not reflected in any corresponding change in the MCR. Verdonk et al. Previously, Kalhan et al. (10) have shown an attenuated rate of systemic glucose production in the newborn infants of diabetic Period I: prime constant infusion of [6,6-'H2] glucose at 60 pg/kg/min for 90 min. Plasma glucose concentrations o f normal newborn infants (leftpanel) a n d infants o f diabetic mothers (right) during the study periods. Glucose production l El a n d glucose uptake R were calculated during t h e last 30 min o f each infusion period. represents t h e exogenous glucose infusion rate.
All d a t a a r e experessed a s mean * S.E.
mothers. In the vresent studv, these differences were not observed. 
